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et al., 1997). Although the ligand binding study of Yone-
kawa and Hayashi (1986) provided evidence for a signifi-
cant influence of covalent modification, more recent
studies (Dunten and Koshland, 1991; Borkovich et al.,
1992; Lin et al., 1994), which used receptors with defined
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levels of covalent modification, indicated only a modest
interaction between binding affinity and covalent modifi-
cation. It was thus concluded that methylation regulatedSummary
the kinase activity of CheA without affecting the ligand
binding constant (Dunten and Koshland, 1991; Borko-In the Escherichia coli chemosensory pathway, recep-
vich et al., 1992).tor modification mediates adaptation to ligand. Evidence
A possible explanation of these observations is basedis presented that covalent modification influences li-
in the difference between the conditions under whichgand binding to receptors in complexes with CheW
most ligand binding studies are conducted and the cel-and the kinase CheA. Kinase inhibition was measured
lular environment. Under physiological conditions, twowith serine receptor complexes in different modifica-
cytoplasmic components of the excitation pathway, antion levels; Ki for serine-mediated inhibition increased
autophosphorylating kinase, CheA, and an adaptor pro-10,000-fold from the lowest to the highest level. With-
tein, CheW, form a noncovalent complex with the recep-out CheA and CheW, ligand binding is unaffected by
tor (Gegner et al., 1992; Schuster et al., 1993). The pri-covalent modification; thus, the influence of covalent
mary focus of studies on the ternary complex has beenmodification is mediated only in the receptor complex,
to understand how the kinase activity of CheA is regu-a conclusion supported by an analogy to allosteric
lated by the receptor: it is active in the apo form ofenzymes and the observation of cooperative kinase
the receptor-CheA-CheW (ternary) complex, and ligandinhibition. Also, the finding that a subsaturating serine
binding inhibits kinase activity (Borkovich and Simon,concentration accelerates active receptor±kinase com-
1990; Ninfa et al., 1991; Borkovich et al., 1992). Whenplex assembly implies that the assembly/disassembly
CheA is active, phosphate is rapidly transferred to theprocess may also contribute to kinase regulation.
response regulator protein, CheY, which in its phosphor-
ylated state promotes cell tumbling, thus biasing theIntroduction
swimming behavior of the cell in attractant gradients
(Bren and Eisenbach, 1998). An additional property ofMembrane-bound receptors are the conduits by which
external ligand concentrations are reported to the cyto- the ternary complex has been proposed; CheA and/or
CheW are needed to generate the influence of covalentplasmic signaling apparatus of the cell. In the chemo-
taxis system of Escherichia coli and Salmonella, one modification on ligand binding (Lin et al., 1994). Since
the recent ligand binding studies were carried out withclass of transmembrane receptor proteins (the meth-
ylatable chemotaxis proteins) is reversibly methylated receptor samples in which neither CheA nor CheW were
present, this hypothesis has remained untested. A draw-on specific glutamic acid residues on the cytoplasmic
domain of the receptor. (See Levit et al., 1998, and Falke back in using receptor binding measurements to assess
the influence of CheA and CheW presents itself in situa-et al., 1997, for recent reviews of the chemotaxis sys-
tem.) The level of receptor methylation is regulated by tions where a substantial portion of the receptor popula-
tion is not complexed to CheW and CheA (Iwama eta transferase and an esterase, which allows the cell to
adapt to the ambient attractant concentration, and thus al., 1997), in which case a binding measurement will
characterize the interaction with receptor molecules thatserves to increase the range over which the bacterium
may respond to stimuli. Since the steady-state methyla- are unable to exert the influences of covalent modifica-
tion. This drawback can be eliminated when receptor-tion level on receptors is proportional to the concentra-
tion of attractant in the environment (Springer et al., mediated kinase inhibition is used to estimate the
1979), a plausible mechanism to increase the range of strength of the ligand-binding interaction, since the ki-
concentrations to which bacteria can respond and adapt nase activity reflects only the binding interaction with
is to weaken the ligand-binding interaction as the level of receptors that are in communication with CheA. We have
covalent modification is increased. By varying covalent used such an approach here to provide evidence for a
modification on the receptor through a feedback loop dramatic influence of covalent modification on ligand
mediated by the transferase and esterase, the optimum binding. The results also indicate that CheA activity is
sensitivity to gradients in the ligand concentration may regulated by cooperatively linked clusters of receptors.
be maintained. However, in spite of several studies, no Finally, an unexpected finding is reported: the presence
clear consensus in support of this mechanism has been of ligand can greatly accelerate the rate of ternary com-
found (Yonekawa and Hayashi, 1986; Dunten and Kosh- plex formation in which the kinase is active. This last
land, 1991; Borkovich et al., 1992; Lin et al., 1994; Iwama result implies that the assembly and disassembly of the
ternary complex is more rapid than currently appreci-
ated, and may be comparable to the time scale of the³ To whom correspondence should be addressed (e-mail: rmweis@
chem.umass.edu). signaling process. Taken together, these observations
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Figure 2. Proteins in SDS Gels Visualized by Fluorescent Dye-Stain-Figure 1. Assembly of Active Receptor/CheA/CheW Complexes
ing and Phosphate Incorporation
(A) The amount of free CheA was determined in aliquots removed at
Aliquots of reaction mixtures with CheA, TsrQQQQ, CheW, CheY, andvarious times after mixing by sedimentation of the TsrQEQE-containing
various concentrations of serine were resolved by SDS-PAGE. (A)vesicles, either in the presence of 1 mM serine (filled circles), or in
The proteins were quantified by fluorescence resulting from stainingits absence (open circles). (B) The level of CheA autophosphorylation
with Sypro-Orange. Ovalbumin (Ova) was included to reduce non-was measured as a function of time after mixing for CheA alone
specific binding. (B) CheA phosphate (CheA-P) and CheY phosphate(open squares), CheA with CheW and TsrQEQE-containing vesicles,
(CheY-P) levels were determined by quantitative analysis of phos-either without serine (open circles), or in the presence of 1 mM serine
phor-imaged gels. The segment of the gel containing CheA was(filled circles). The ATP concentration was 1.0 mM. For both assays,
reproduced at higher gain than the CheY-containing segment sincethe total protein concentrations were 8 mM TsrQEQE, 6 mM CheW, and
the amount of CheA-P was about 1% of that of CheY-P. Serine1 mM CheA.
concentrations in the reactions (left to right) were: 0, 0.01, 0.02, 0.3,
0.5, 0.7, 0.9, 1, 1.2, 1.5, 2, 10, and 100 mM.
offer new insights into signal transduction in the bacte-
rial chemosensory system. We conclude that ternary that serine catalyzed the receptor-CheW-CheA complex
complex formation is required for covalent modification formation. This interpretation is supported by the activity
to modulate ligand binding, and that this is the means data of Figure 1B, in which the extent of CheA autophos-
by which receptor sensitivity is regulated in vivo. phorylation was assessed at various times after com-
plex formation was initiated. Maximum phosphate incor-
poration was achieved in less than 5 min in the presenceResults
of 8 mM TsrQEQE and 1 mM serine (closed circles). The
extent of phosphate incorporation in the presence ofLigand Catalyzes the Formation of the Active
TsrQEQE was lower without serine (open circles), and onlySignaling Complex
slightly better than CheA alone (open squares). SincePrior to measuring steady-state kinase activity of the
CheA phosphorylation is rapid in the apo receptor com-receptor complexes, the time needed to achieve an
plex, and is inhibited by ligand binding (vide infra; Bor-equilibrium concentration of the receptor-CheA-CheW
kovich and Simon, 1990), it is clear that serine acceler-ternary complex was determined. To assess these kinet-
ates receptor complex formation at concentrations thatics, aliquots from a mixture of wild-type serine receptor
are insufficient to inhibit CheA autophosphorylation.(TsrQEQE), CheA, and CheW were analyzed to determine
Based on these results, it was possible to conduct thethe extent of complex formation at various times after
phosphorylation experiments under conditions in whichmixing. Two indicators of complex formation were used;
the extent of complex formation had reached equi-(i) an assay in which the free CheA remaining in the
librium.supernatant was measured after removing the receptor-
containing vesicles by sedimentation (Figure 1A), and
(ii) an assay of CheA autophosphorylation activity (Fig- The Inhibition of Kinase Activity in Receptor
Complexes Depends on the Levelure 1B). Unexpectedly, the presence of serine acceler-
ated the rate of ternary complex formation. The data in of Receptor Modification
Serine receptors are methylated primarily on glutamicFigure 1A demonstrate that free CheA decreased at a
more rapid rate when 1 mM serine was present (closed acid residues at positions 297, 304, 311, and 493 (Rice
and Dahlquist, 1991). Since amidation of the glutamatecircles), by about 100-fold, than when it was not (open
circles). Since a subsaturating ligand concentration was side chain produces the same effect on receptor func-
tion as methyl group addition (Dunten and Koshland,used ([serine] 5 1 mM, [TsrQEQE] 5 8 mM), it was concluded
Kinase Regulation in Serine Receptor Complexes
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Figure 3. Steady-State Phosphoprotein Levels as a Function of the Figure 4. Fraction of CheA-Phosphate as a Function of the Serine
Serine Concentration Concentration
The fractions of CheA (filled symbols) and CheY (open symbols) in The fraction of CheA in its phosphorylated form is plotted versus
their phosphorylated forms are plotted as a function of the serine the serine concentration in experiments with unmodified (open trian-
concentration from experiments with TsrEEEE, TsrQEQE, and TsrQQQQ gles), partly modified (open circles), and highly modified (open
(triangles, circles, and squares, respectively). Theoretical curves for squares) serine receptor, in which the concentrations of receptor,
CheA (continuous) and CheY (dashed) phosphorylation were gener- CheW and CheA were 8, 6, and 1 mM, respectively. Experiments
ated with a two-state signaling model for steady-state protein phos- with the unmodified and highly modified serine receptor were also
phorylation using the parameters listed in Table 1. conducted at 5-fold higher concentrations of all components (filled
symbols). Theoretical curves were generated with a two-state sig-
naling model for pseudo-first-order CheA phosphorylation kinetics
1991), we used receptors in various states of covalent using the parameters in listed in Table 2.
modification with defined levels of amidation at the
methylation sites. Figure 2 presents gel electrophoresis
data depicting the protein composition and phosphate In studies with the homologous aspartate and ribose-
galactose receptors, the observed differences in activityincorporation in a steady-state phosphorylation experi-
ment containing wild-type serine receptor (TsrQEQE), were greater. Relative to unmodified receptor, partial
modification (QEQE) of the aspartate receptor increasedCheA, CheW, and CheY. Figure 2A shows fluorescence
from proteins stained with Sypro-Orange in a manner the apparent activity by a factor of 20 (Borkovich et al.,
1992) and partial modification of the ribose-galactosethat is proportional to the mass concentration, although
there is variation in staining efficiency among proteins receptor led to a 12-fold increase in activity (Barnakov
et al., 1998). Although the same qualitative trend is ob-(e.g., CheW stained much less efficiently than the oth-
ers). Figure 2B depicts the steady-state level of CheA served with the serine receptor, the quantitative discrep-
ancy is not fully understood at present. The apparentand CheY phosphorylation. The large excess of CheY
relative to CheA (100-fold) in the kinase assay resulted kinase activity depends on factors other than the intrin-
sic activity of the ternary complex, such as the extentin a similarly large difference in the amount of CheY
phosphate (CheY-P) compared to CheA-P, nevertheless of complex formation, which was not determined in pre-
vious studies. We used sedimentation to determine theit was possible to quantitate both phosphoproteins si-
multaneously because of the large dynamic range of the extent of CheA association with receptor-containing
membranes under the experimental conditions of Figurephosphor-imager. Figure 3 is a plot of the results from
three experiments with the serine receptor in low (trian- 3, and found that ca. 95% of the CheA cosedimented
with membranes containing either the partly and fullygles), intermediate (circles), and high (squares) levels of
covalent modification, in which the steady-state frac- modified receptors. Thus, the difference in the level of
maximum activity (achieved in the limit of zero ligandtions of phosphorylated CheA (filled symbols) and CheY
(open symbols) were determined simultaneously. The concentration) may reflect the influence of covalent
modification on the intrinsic activity of CheA in the com-ordinates are adjusted to illustrate the similarity between
the relative fractions of CheA and CheY phosphorylated plex. In contrast to the situation with complexes formed
with TsrQQQQ and TsrQEQE, the extent of CheA associationas a function of the level of covalent modification on
the receptor. Figure 4 shows similar results, which were with the unmodified receptor (TsrEEEE) was found to be
approximately 35% complete, and thus the lower activ-obtained by measuring the initial rate of CheA phosphor-
ylation in the absence of CheY, the substrate in the ity of these complexes may result from incomplete com-
plex formation. These observations agree with the ex-phosphotransfer reaction.
The data in Figures 3 and 4 make it clear that the fully perimental results of J. Stock and coworkers, who found
that complexes made from soluble cytoplasmic frag-modified receptor generated the largest steady-state
phosphorylation level. Relative to the unmodified (EEEE) ments of the aspartate receptor, CheW, and CheA
formed most readily with the fully modified (QQQQ) re-receptor, the partly modified (QEQE) and fully modified
(QQQQ) forms resulted in levels of phosphorylated CheY ceptor fragment, to a lesser extent with partly modified
fragment (QEQE), and did not form with the unmodifiedand CheA that were approximately 2- and 4-fold greater.
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Table 1. Binding Parameters Estimated from the Inhibition of CheA and CheY Phosphorylation under Steady-State Conditionsa
R2,totb Phosphoprotein K 1/ni
Receptor Data Set (mM) Analyzed (mM21) n Ass0 AssL
QQQQ 1 4.0 CheA 0.0010 5.3 0.11 0.011
0.5 CheA 0.0010 5.3 0.11 0.011
2 4.0 CheY 0.00095 6.8 0.08 0.004
0.5 CheY 0.00095 6.8 0.08 0.004
QEQE 3 4.0 CheA 0.19 2.5 0.062 0.005
0.5 CheA 0.12 3.0 0.062 0.005
4 4.0 CheY 0.33 1.7 0.041 0.002
0.5 CheY 0.19 2.1 0.040 0.002
EEEE 5 4.0 CheA (100) (1.6) 0.027 0.003
0.5 CheA (10) (1.4) 0.026 0.003
0.001 CheA 4.6 0.71 0.028 0.002
6 4.0 CheY (30) 2.2 0.024 0.001
0.5 CheY (20) 1.7 0.024 0.002
0.001 CheY 10 1.2 0.024 0.001
a The average percent uncertainty (estimated from fits) for K 1/ni , n, Ass0 , and AssL were 15%, 25%, 5%, and 60%, respectively. Uncertainties for
the parameters in parentheses were significantly larger ($150%).
b R2,tot was either (i) set equal to the concentration of receptor dimer in the sample (4 mM), (ii) fixed to make A2,tot/R2,tot 5 1 (0.5 mM), or (iii) fixed
to satisfy K21/ni À R2,tot (0.001 mM).
receptor fragment (Liu et al., 1997). Also, the 2-fold dif- binding from receptors that are not in complexes with
ference we observe in the kinase activity of ternary com- CheA (uncoupled receptors) is not taken into consider-
plexes made with TsrQEQE and TsrQQQQ is similar to that ation. Although a large concentration of uncoupled re-
seen in ternary complexes with the aspartate receptor ceptors has the potential to influence estimates of L0.5,
soluble fragments at equivalent levels of modification their influence was probably not significant under our
(Liu et al., 1997; Levit et al., 1999). experimental conditions. To determine that this was the
It is evident from Figures 3 and 4 that the serine con- case, the model was modified to include uncoupled re-
centration resulting in half-maximal kinase activity de- ceptors. It was found that the estimates of Ki changed
pends strongly on covalent modification. To model by less than 10% in all situations except one (as noted
these data, it is reasonable to treat the ternary complex below). Thus, the simpler model (and Equation 1) proved
like an allosteric enzyme, in which the receptor serves to be a valid means for estimating Ki from the data.
the function of a regulatory subunit. In support of this By hypothesis, only those receptor dimers in commu-
view is the observation that TsrQEQE and TsrQQQQ ternary nication with the kinase are expected to exhibit an influ-
complexes are, under the experimental conditions, the ence of covalent modification. Given the uncertainty in
thermodynamically more stable forms (relative to the the molecular formula for the signaling complex, two
dissociated proteins) at all ligand concentrations. Also, different values of R2,tot were used to estimate parame-
Schuster et al. (1993) found that aspartate did not pro- ters for each set of kinase inhibition data. A 1:1 recep-
mote disassembly of a ternary complex formed with tor:CheA stoichiometry (Gegner et al., 1992) dictates
the aspartate receptor. Thus, the concepts of linkage setting R2,tot equal to the CheA dimer concentration,
(Wyman, 1968), and cooperativity (Monod et al., 1965; whereas setting R2,tot equal to the total receptor dimer
Koshland et al., 1966), are applicable in modeling the concentration in the sample is more like the subunit
kinase inhibition as a ligand binding interaction. stoichiometry observed in complexes of receptor frag-
In the absence of a molecular formula for the signaling ments and CheA (Liu et al., 1997). Relative to the effect
complex, or even the knowledge that a single molecular of covalent modification, these choices for R2,tot had littleformula is sufficient to describe the situation in the mem- effect on the results.
brane, we chose a simple two-state model for kinase
Tables 1 and 2 list the inhibition constants derived
regulation from which an empirical estimate of coopera-
from fits of the data using an all-or-none model for coop-
tivity (n) can be obtained (Hill, 1913). According to the
erative interactions. Each data set was analyzed at the
model, the ligand-bound form of the complex is inactive,
specified concentrations of R2,tot. The range of K valuesand the total ligand concentration at which the activity
from the lowest to the highest level of covalent modifica-is half maximal will be given by
tion was found to be on the order of 104. In the limit of
weak interactions, Ki21/n .. R2,tot, L0.5 is determined
L0.5 < K21/ni 1
R2,tot
2
(1) solely by the inhibition constant, and as expected, the
estimates of Ki1/n for TsrQQQQ-CheA complexes are inde-
pendent of the choice for R2,tot. In the tight binding limit,in which the total ligand concentration at half maximum
L0.5 is strongly influenced by the choice of R2,tot, indicatingactivity (L0.5) depends only on the total concentration of
that the inhibition experiment measures the concentra-receptor dimers (R2,tot), and the reciprocal of the enzyme
tion of receptor complexes. Still, these data can serveinhibition constant per receptor dimer (Ki21/n). Equation
1 is approximate because the contribution to ligand to estimate an upper limit for Ki21/n, and so R2,tot was also
Kinase Regulation in Serine Receptor Complexes
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Table 2. Binding Parameters Estimated from the Inhibition of CheA Autophosphorylationa
R2,totb K 1/n1 k0 k1
Receptor Data Set (mM) (mM21) n (M21s21) (M21s21)
QQQQc 1 4.0 0.0012 11.7 23.7 1.01
0.5 0.0012 11.7 23.7 1.01
QQQQd 2 20 0.00095 7.3 32.0 0.26
2.5 0.00093 7.4 32.0 0.26
QEQEc 3 4.0 1.1 (7.6) 5.0 0.41
0.5 0.48 2.7 5.0 0.40
EEEEd 4 4.0 14.5 3.0 3.0 0.42
0.5 13.2 2.5 3.0 0.45
EEEEd 5 20 6.2 4.2 4.8 0.29
2.5 5.6e 3.3 4.8 0.33
a The average percent uncertainty (estimated from fits) for K 1/ni , n, k0, and k1 were 15%, 30%, 5%, and 50%, respectively. The uncertainty for
the parameter in parentheses was significantly larger (z200%).
b R2,tot was either (i) set equal to the concentration of receptor dimer in the sample (20 or 4 mM), or (ii) fixed to make A2,tot/R2,tot 5 1 (2.5 or
0.5 mM).
c ts 5 30 s.
d ts 5 20 s.
e A model which accounted for 17.5 mM uncoupled receptor (with Ka 5 0.05 mM21, Lin et al., 1994) in the presence of 2.5 mM CheA-coupled
receptor increased the estimate of K 1/ni by 75%.
set to an arbitrary low value (0.001 mM) to obtain R2,tot- known. This trend in cooperativity is qualitatively consis-
tent with the observations made on soluble receptorindependent estimates of Ki1/n.
The CheA phosphorylation experiments shown in Fig- fragments (Liu et al., 1997; Levit et al., 1999).
ure 4, and summarized in Table 2, were conducted with
the unmodified and highly modified receptors at two
different protein concentrations. The open symbols rep- Discussion
resent data sets with concentrations for the receptor,
CheW and CheA of 8, 6, and 1 mM, respectively, while E. coli exhibits effective tactic behavior in attractant
gradients over a large concentration range, from aboutthe closed symbols represent a data set for 5-fold larger
concentrations. As expected, L0.5 for inhibiting TsrQQQQ- 1027 to 1023 M (Adler, 1969). To respond effectively
throughout this range, bacteria evolved an adaptationCheA complexes did not increase significantly with the
5-fold increase in concentration, while the 5-fold in- mechanism involving receptor covalent modification
(Springer et al., 1979). However, adaptation is generallycrease in the concentrations of TsrEEEE, CheW, and CheA
did produce a significant increase in L0.5 (130%). A quali- thought not to involve modulation of the ligand binding
interaction, since the ligand binding studies with iso-tative agreement with Equation 1 is the best that can
be expected, since the quantitative analysis of the TsrEEEE lated receptors in defined states of modification found
no strong effect of covalent modification, certainly notcomplexes is complicated by the presence of uncoupled
receptors (Table 2, data set 5). In spite of the influences enough to account for the broad range of the chemotac-
tic response (Dunten and Koshland, 1991; Borkovich etof R2,tot and uncoupled receptor in this situation, the
level of covalent modification was clearly the dominant al., 1992; Lin et al., 1994). In contrast, our results are
consistent with a strong influence of covalent modifica-influence on the values of Ki1/n overall.
tion on the binding of ligand to the receptor in the ternary
complex. The similarity between the action of glutamineKinase Inhibition Is Cooperative
Another striking feature of the data in Figures 3 and 4 is residues and methyl glutamates (Dunten and Koshland,
1991) allowed us to vary the level of covalent modifica-the cooperativity of inhibition. At high levels of covalent
modification, the experimental estimates of n are clearly tion conveniently and systematically using site-directed
mutants in which glutamates were replaced by gluta-different from a situation without cooperative interac-
tions between receptor dimers (n 5 1), and provide mines. Based on the in vivo signaling data of Dunten
and Koshland (1991) and the in vitro kinase regulationstrong evidence for these interactions. Moreover, the
fits of the data indicate that the cooperativity index de- experiments of Borkovich et al. (1992), methylation is
expected to generate a somewhat larger effect. Evencreases as the level of covalent modification decreases.
The underlying causes of this behavior may be viewed so, the modulation of binding by amidation is sufficient
to span the range of concentrations over which bacteriain at least two ways. On the one hand, the strength of
the cooperative interaction may be constant, and the have been observed to respond.
The data also provide other new information aboutchange in n reflects a change in the number of coopera-
tively linked subunits. Alternatively, the variation in n the properties of the ternary complex: that ligand binding
and kinase regulation involve cooperative interactionscould reflect changes in the strength of the cooperative
interactions within a cluster of constant size. Since the among receptor dimers; that the extent of ternary com-
plex formation depends on the level of covalent modifi-distribution of cluster sizes and its variation with cova-
lent modification are not known, the extent to which cation; and that ligand can catalyze formation of the
ternary complex.these two effects contribute to changes in n is not
Cell
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Covalent Modification Decreases Ligand
Binding Affinity in Ternary Complexes
Our results provide evidence of a strong thermodynamic
interaction between the sites of modification and the
ligand-binding pocket in the receptor-CheW-CheA com-
plex. The 10,000-fold variation in Ki is expected to gener-
ate a similarly large variation in ligand binding affinity.
Although significant discrepancies do occur between
the constants determined by receptor binding measure-
ments (Ka), and those inferred from kinetic data (Ki), there
is reason to expect a strong correlation between Ka and
Ki in the bacterial system. The b-adrenergic receptor±
adenylate cyclase system has served to illustrate that
the complexity of the signaling pathway can contribute
to this discrepancy (Ross et al., 1977). In G protein±
coupled pathways, the ligand±receptor binding equilib-
rium is linked indirectly to the enzyme activity, through
several intermediate binding equilibria and catalytic
events (Hamm, 1998, and references therein), which
contribute to the aforementioned discrepancy.
In contrast, the kinase activity of CheA is regulated Figure 5. Ligand-Catalyzed Assembly of Ternary Complexes
through an allosteric interaction within the receptor- (Top) The assembly/disassembly equilibrium for the ternary complex
CheW-CheA complex. Consequently, a change in Ki is between receptors (depicted as a cluster in a membrane patch),
expected to correlate strongly with a change in Ka. The CheW (small light gray ellipses), and a CheA dimer (dark gray).
(Bottom) A simple reaction diagram, in which the free energy of theligand binding data of Yonekawa and Hayashi (1986)
system (solid line) has an energy barrier separating the disassem-can be cited to support this view. Their data have stood
bled and assembled states. The addition of subsaturating levels ofapart in showing a strong effect of methylation on serine
serine lowers the energy barrier (dashed line) resulting in more rapid
binding to membranes isolated from mutants that were interconversion.
defective in either the transferase (producing under-
methylated receptors) or the esterase (producing highly
methylated receptors). The observation (which has been
stoichiometry of this complex would consist of approxi-repeated independently, J. Li, unpublished results), that
mately seven receptor dimers and three CheW subunitsserine binding is significantly weaker to membranes iso-
for each CheA dimer; a stoichiometry that is compatiblelated from an esterase-negative mutant, can be ex-
with our results.plained by the assumption that the kinase and CheW
Biochemical evidence of dimer±dimer interactions inremain associated with the membrane, and thus it is
transmembrane signaling is also growing. The observa-likely that ligand binding to ternary complexes is being
tion of interdimer methylation has indicated that dimer±measured in these experiments. The strong influence of
dimer interactions play a role in receptor methylation (Licovalent modification on serine binding has a simple
et al., 1997; LeMoual et al., 1997). Our results providebut significant implication for transmembrane signaling,
clear evidence that dimer±dimer interactions are alsothat the transbilayer interactions are bidirectional (Long
involved in kinase regulation. It is likely that the coopera-and Weis, 1992), i.e., serine binding is strongly affected
tivity observed in our experiments is more pronouncedby CheW and CheA binding, which is required to mediate
due to the uniformity of the sample, in which the recep-the full effect of methylation.
tors all have the same level and pattern of modification.
Under physiological conditions, the modification on the
Cooperativity in Kinase Regulation Provides serine receptor is an average over distributions in the
Evidence of Receptor Clusters levels, types (methylation versus amidation), and pat-
It is evident from the inhibition data that the kinase is terns of modification. Although this heterogeneity may
regulated in a highly cooperative manner. Analysis by diminish the cooperativity exhibited by the system, it
the all-or-none model provides simple estimates for seems probable that the underlying organization of pro-
cluster size, on the order of 5 to 10 receptor dimers in tein subunits will not be affected. Our observations of
complexes with TsrQQQQ. This result is consistent with cooperative kinase regulation are consistent with trans-
the general tendency of methylatable receptors to form membrane signaling mechanisms involving arrays of re-
clusters, which has been observed by electron micros- ceptor dimers (Levit et al., 1998), in which the size of
copy (Maddock and Shapiro, 1993), and by biochemical the cluster may play a role (Bray et al., 1998).
isolation of receptor cytoplasmic fragments, either alone
(Long and Weis, 1992; Seeley et al., 1996), or in com-
plexes with the cytoplasmic signaling proteins (Liu et Assembly and Disassembly of the Ternary Complex
The measurement of ternary complex assembly pro-al., 1997; Levit et al., 1999). In the studies conducted by
J. Stock and coworkers, a soluble cytoplasmic fragment duced the dramatic and unexpected result that serine
catalyzes the assembly of active ternary complexes. Theof the aspartate receptor formed a well-defined high±
molecular weight complex with CheW and CheA. Extrap- experiments were originally conducted to ascertain the
time required to reach equilibrium concentrations ofolated to the situation in the membrane, the approximate
Kinase Regulation in Serine Receptor Complexes
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and methylesterase. E. coli HCB721 (Conley et al., 1989), a straincomplexes, but these data also suggest that ligand-
defective in receptors genes (tar, tap, trg, tsr) as well as the genesmediated catalysis may play an important role in signal
for the methyltransferase, the methylesterase, CheA, CheW, andtransduction. A previous study of protein turnover in
CheY, was used to prepare inner membranes in which a serine
ternary complexes did not explore the influence of ligand receptor expression plasmid for either TsrEEEE, TsrQEQE, or TsrQQQQ
at subsaturating concentrations and found only low was introduced (Rice and Dahlquist, 1991). Since E. coli HCB721 is
defective in methylation and deamidation, receptors are isolatedrates of turnover (Gegner et al., 1992). Consequently,
from this strain in a well-defined state of covalent modification.the ternary complex is currently believed to be a stable
entity on a time scale relevant for signaling (Bray, 1998).
Although ternary complex assembly was favored under Purification of Chemotaxis Proteins
CheA protein was purified according to the procedure of Hess etour experimental conditions, the fact that ligand can
al. (1988), modified as described below. After generating a cytosoliccatalyze the assembly process means that disassembly
fraction in TEDG20 (20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1 mMwill also be more rapid. This concept is illustrated in
DTT, 20% glycerol), CheA was precipitated with (NH4)2SO4 at 35%Figure 5, which depicts the assembly/disassembly equi- saturation. The CheA-containing precipitate was isolated and resus-
librium at the top, and a simple reaction diagram at the pended in 5 ml of TEDG10 and dialyzed to remove salt. The protein
bottom. Catalysis of the assembly process by reversible was loaded onto an Affi-Gel Blue column equilibrated with TEDG10
(vol 5 200 ml), and washed with 3 column volumes. CheA was elutedligand binding implies that an energy barrier separates
with a 0.25 to 1 M NaCl/TEDG10 gradient developed over 10 columnthe assembled and disassembled states (represented
volumes. CheA-containing fractions were pooled and concentratedby the local minima in the solid curved line), and that
by (NH4)2SO4 precipitation at 45% saturation. The pellet was resus-by adding serine at a low, subsaturating concentration pended in and dialyzed against TEDG10, loaded onto a 5 ml Phar-
lowers the barrier (dashed line) without significantly af- macia Mono-Q ion exchange column, and then eluted a salt gradient
fecting the states. By this reasoning, one may speculate of 0.2 to 1 M NaCl/TEDG10 at 48C in 50 ml. CheA eluted as a single
peak and was estimated to be 95% pure by SDS-PAGE.that the interchange between the assembled and disas-
CheY protein was purified following the procedures of Matsumurasembled states is more rapid under physiological condi-
et al. (1984) and Sanders et al. (1989). CheW was purified from Luriations than previously appreciated. Moreover, since the
Broth cultures supplemented with 150 mg/ml ampicillin (LB-amp)
stabilities of the assembled and disassembled states that were induced at an OD600 of 0.5 with 1 mM IPTG, and harvested
are probably influenced differently by factors such as 6 hr later by centrifugation for 10 min at 16,300 3 g. Cell pellets
ligand binding and covalent modification, it is reason- were resuspended in 0.1 M (pH 7.0) Na phosphate buffer with 1 mM
PMSF, 0.5 mM EDTA, and 0.5 mM DTT and were sonicated on iceable to expect that the rate and extent of complex forma-
in 30 s bursts over 15 2 min intervals. The lysate was centrifugedtion may be important in the signaling process.
at 27,000 3 g for 30 min, and the supernatant was treated with
(NH4)2SO4 at 20% of saturation. After removing the precipitate, the
Conclusion (NH4)2SO4 concentration was increased to 40% of saturation, and
the precipitate was isolated by centrifugation at 27000 3 g for 1 hr.The E. coli cell contains four kinds of methylatable re-
The pellet was resuspended in pH 6.0 buffer (10 mM piperazine, 0.5ceptors that differ primarily in their ligand specificity.
mM EDTA, 100 mM NaCl), and CheW was eluted from a 200 mlEach will be in different states of covalent modification,
DEAE column with a 2-liter linear NaCl gradient from 0.1 M to 1 M
and each will be exposed to different ambient concen- in piperazine buffer.
trations of their cognate ligands. One of the long-range
research goals in bacterial chemotaxis is to understand
Preparation of Inner Membranes with Receptors in Defined
how these various environmental signals are amplified States of Covalent Modification
and integrated. To this end, the present study defines the The preparation of inner membranes was based on the methods of
mechanism by which receptor modification extends the Gegner et al. (1992) and Osborn and Munson (1974). Three Tsr
expression plasmids, in which glutamines were substituted for gluta-range of the chemotactic response: by modulating the li-
mates, were used to prepare receptors in three levels of modificationgand binding affinity in the ternary complex of receptor,
designated EEEE, QEQE (Q297, E304, Q311, E493), and QQQQ.CheW, and the signaling kinase CheA. The results add
Plasmid-containing HCB721 cells were grown at 308C in 2 liters of
to the evidence that receptor clusters have functional LB-amp cultures to a concentration of 108 to 5 3 108 cells/ml, and
importance, and suggest that signaling occurs via re- receptor expression was induced by 0.5 mM IPTG. Cells were har-
ceptor arrays that may be dynamic with respect to as- vested after 4 hr by centrifugation at 4000 rpm for 30 min at 48C
(Sorvall HG-4L). Membranes were fractionated in a sucrose step-sembly and disassembly.
gradient (30%, 10 ml; 45%, 8 ml; 55%, 8 ml) at 28,000 rpm for 12
hr, and 48C (Beckman SW28 rotor). The uppermost band, at the
Experimental Procedures 30%/45% boundary, was found to contain Tsr in highest purity
(z90%). Uranyl-stained samples of the inner membrane prepara-
Chemicals, Bacterial Strains, and Plasmids tions from this upper layer were observed by transmission electron
1,10-phenanthroline phenylmethylsulfonyl fluoride (PMSF), ovalbumin microscopy and found to be uniformly shaped vesicles with diame-
and hen egg white lysozyme were obtained from Sigma Chemical ters ranging from 100 to 500 AÊ . The Tsr-containing membranes were
Co. (St. Louis, MO). Isopropyl-thio-b-D-galactoside (IPTG) was ob- dialyzed at 48C against two 2-liter volumes of 10 mM Tris-HCl, pH
tained from Bachem (Torrance, CA). L-serine was obtained from 8.0, 1 mM EDTA, 0.5 mM PMSF, 1 mM 1,10 phenanthroline over a
ICN (Costa Mesa, CA). The fluorescent protein stain Sypro-Orange total period of 4 hr. Glycerol was added to 15% (w/v); Tsr-containing
was obtained from Molecular Probes (Eugene, OR). The Bradford membrane samples were divided into 100 ml aliquots and were
and Lowry reagents for protein assays were obtained from Bio-Rad stored at 2708C.
(Hercules, CA). All other chemicals were reagent grade.
E. coli strain RP3808, a strain with a deletion in genes for the
methyltransferase (cheR), the methylesterase (cheB), CheA, CheW, Protein Concentration and Purity
CheA, CheW, and CheY concentrations were determined by UVand CheY (Slocum and Parkinson, 1983), was used to host the
chemotaxis protein expression vectors for CheA (McNally and Mat- absorbance at 280 nm using molar extinction coefficients of 25,000,
5120, 10,700 M21 cm21, respectively (Gegner and Dahlquist, 1991;sumura, 1991), CheY and CheW (Muchmore et al., 1989), and to
prepare proteins free from contamination with the methytransferase Li et al., 1995). Receptor concentrations in purified preparations
Cell
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were determined either with the Bio-Rad BCA protein assay kit (500- Equation 2 indicates (i) that free ligand, L, ligand-free receptor-
CheA clusters, (R2)n(A2)m, and ligand-bound receptor-CheA clusters,0001) or the Bio-Rad DC assay kit (500-0116). By comparison to
purified receptor standard, the receptor concentration in membrane (R2L)n(A2)m, are in equilibrium; (ii) the dimeric organization of both
the receptor and CheA subunits; and (iii) that one serine moleculepreparations was determined, either by scanning densitometry of
Coomassie-stained SDS gels (with a Bio-Rad Model GS-700 Densi- binds to each receptor dimer (Lin et al., 1994). According to this
simple model, the fraction of receptor-CheA complexes in the li-tometer and Bio-Rad Molecular-Analyst software), or by scanning
fluorimetry of Sypro-Orange-stained gels using a Molecular Dynam- gand-bound (fB) form is
ics Storm 840 imager.
fB 5
f(R2L)n(A2)mg
f(R2)n(A2)mg 1 f(R2L)n(A2)mg
(3).
Phosphorylation Assays
Phosphorylation assays were conducted following the method of This expression reduces to
Borkovich and Simon (1991). Membranes containing serine recep-
tor, CheW, CheA, and CheY were dialyzed overnight at 48C in freshly fB 5
Ki[L]n
1 1 Ki[L]n
(4),
made phosphorylation buffer. (50 mM Tris-HCl, 50 mM KCl, 5 mM
MgCl2, 1 mM DTT, pH 7.5). CheW, CheA, and (when used) CheY
through the use of the ligand-binding constant for the receptor-proteins were mixed and incubated on ice for 10 min prior to mixing
CheA complex, which we assume to be equivalent to Ki. The approxi-an equal volume of receptor inner membranes. Ovalbumin was in-
mate mass conservation relations for ligand and receptor dimercluded at a concentration of 0.5 mg/ml to reduce nonspecific bind-
ing. After vortexing, the sample (45 ml total volume) was distributed Ltot 5 [L] 1 nf(R2L)n(A2)mg 5 [L] 1 nKif(R2)n(A2)mg [L]n (5)
as 3 ml aliquots into a series of 0.5 ml microfuge tubes, to which 1
ml of serine stocks (in phosphorylation buffer) was added to make R2,tot 5 nf(R2)n(A2)mg 1 nf(R2L)n(A2)mg (6)
the desired final concentrations. Samples were incubated for 4 hr 5 nf(R2)n(A2)mg 1 nKif(R2)n(A2)mg [L]n
at room temperature to allow complete ternary complex assembly.
are used to obtain fB and fU (5 1 2 fB) in terms of Ki, n, R2,tot, andThe phosphorylation reaction was initiated by the addition of 4 ml
Ltot. This is accomplished by using Equation 6 to eliminate [(R2)n(A2)m]of 2 mM radioactive [g-32P]-ATP, (12,000 cpm/pmol, New England
from the Equation 5, resulting in the expressionNuclear # NEG-002A) to each tube. After the addition of ATP, typical
sample concentrations of serine receptor, CheW, CheA, and CheY
Ltot 5 [L] 1
R2,totKi[L]n
1 1 Ki[L]n
(7)were 8, 6, 1, and 100 mM respectively. Reactions were terminated
after 30 s by adding 8 ml of 23 SDS gel treatment buffer. Three-
microliter samples from each tube were loaded to a 16.5% SDS gel. Equations 4 and 7 form the basis for fitting experimental data. [L]
After electrophoresis, SDS gels were sealed in plastic bags and is determined from Equation 7 in the interval between zero and Ltot,
exposed to a phosphor-imager screen for 2 hr. Phosphate incorpo- for the known value for R2,tot, and trial values for Ki and n. Final
ration was calibrated with [g-32P]-ATP-spotted filter paper that was estimates for Ki and n are found by minimizing errors with the Lev-
exposed with the gel. Incorporation was quantified with a Storm enberg-Marquardt method in the Origin. Equation 1 was derived by
840 imager and the ImageQuant software package (Molecular Dy- setting fU equal to 0.5 to obtain the result that [L] equals K21/ni , which
namics), the fractions of CheA and CheY labeled were calculated, was substituted into Equation 7.
and these data were analyzed as described below using Origin
software, version 6.0. CheA Autophosphorylation
CheA phosphorylation is assumed to result solely from the
autophosphorylation of CheA in receptor complexes. Autophos-Assays for Ternary Complex Formation
phorylation is modeled as a pseudo first-order reaction ([ATP]tot ÀTernary complex formation between Tsr-containing membranes,
[A]tot) without significant contribution from the reverse reaction. TheCheA, and CheW was determined by sedimentation. For assays
fraction of CheA phosphorylated (fA-P) is given bywith kinetic resolution, Tsr membranes were mixed with CheW and
CheA to achieve final concentrations of 8 mM, 6 mM, and 1 mM, fA-P 5 fU(1 2 e2k0[ATP]totts) 1 fB(1 2 e2k1[ATP]totts) (8),
respectively 50 ml of phosphorylation buffer that included ovalbumin
(0.5 mg/ml) to reduce nonspecific binding. Four-microliter aliquots in which k0 and k1 are rate constants for phosphorylation in the
were centrifuged for 3 min at 13,000 rpm. The supernatant was apo and ligand-bound receptor complexes, respectively, sampled
withdrawn and the amount of CheA was determined by SDS-PAGE. at a specific point in time (ts). The concentration of receptor (R2,tot),
In determinations of the equilibrium level of complex formation, 120 the total ATP concentration ([ATP]tot), and the reaction time (ts) are
ml samples of Tsr, CheW, and CheA were centrifuged for 30 min at fixed parameters, and k0, k1, Ki1/n, and n are adjusted to obtain the
625,000 3 g in a Beckman Optima TLX ultracentrifuge. The pellets best fit.
and supernatants fractions were resolved on 10% NuPAGE Bis-Tris
gels (Novex, San Diego, CA). Ternary complex formation was also CheA and CheY Phosphorylation at Steady-State
assessed by the increase in the CheA autophosphorylation activity The addition of CheY results in a steady rate of ATP hydrolysis due
using the phosphorylation assay protocol described above. Two- to the rapid breakdown of CheY-phosphate
microliter aliquots were removed from a 30 ml kinase assay as a
A 1 Y 1 ATP ! A-P 1 Y 1 ADP ! A 1 Y-Pfunction of time to assess the concentration of CheA phosphate.
1 ADP ! A 1 Y 1 ADP 1 Pi
Modeling Kinase Inhibition Data The production of CheA- and CheY-phosphate is divided between
The ligand binding parameters were inferred from measurements the apo and ligand-bound receptor complexes according to the
of receptor-mediated kinase inhibition carried out as a function of ligand-binding equilibrium. Thus, the fractions of CheA and CheY
the serine concentration. The data treatment assumes that receptor- phosphorylated at steady state are equal to fUAss0 1 fBAssL , where
kinase complexes exist in only two states: a ligand-free, kinase- AssL and AssL are the fractions of phosphorylated CheA (or CheY) at
active state, and a ligand-bound, kinase-inactive state. The total steady state in the absence, and at saturating concentrations, of
kinase activity (fUA0 1 fBAL) is thus a sum of the intrinsic kinase ligand, respectively.
activities of the ligand-bound and apo complexes (AL and A0, respec-
tively), weighted according to the fraction of complexes in the li- Acknowledgements
gand-bound and ligand-free states (fB and fU, respectively). Interme-
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